Abstract. This paper presents a new four-limbed robot, LEMUR IIb (Legged Excursion Mechanical Utility Rover), that can free-climb vertical rock surfaces. This robot was designed to have a number of capabilities in addition to climbing (e.g., assembly, inspection, maintenance, transport, intervention) and to be able to traverse a variety of other types of terrain (e.g., roads, talus, dirt, urban rubble). To maximize its flexibility in this regard, LEMUR IIb will need to exploit sophisticated control, planning, and sensing techniques in order to climb, rather than rely on specific hardware modifications. In particular, this paper describes a new algorithm for planning safe one-step climbing moves, which has already enabled LEMUR IIb to climb an indoor, near-vertical surface with small, arbitrarily distributed, natural features. To the authors' knowledge, this is the first experimental demonstration of a multi-use, multi-limbed robot climbing such terrain using only friction at contact points (i.e., free-climbing).
Introduction
Various types of robots that climb vertical surfaces have been created previously. These include adhesive robots that "stick" to a featureless, flat or smoothly curved surface by using specific end-effectors (e.g., suction cups and pads [8, 16, 18, 21, 24] , or magnets [9, 10] ), robots whose end-effectors match engineered features of the environment (e.g. pegs [4] , peg-holes [23] , fences or porous materials [25] , handrails or bars [2, 3] , and poles [1, 19] ), and robots designed to climb within pipes and ducts [17, 20, 26] . Each of these robots was designed for a particular vertical environment, and relies on its specific hardware design in order to climb.
We focus instead on enabling multi-use robots of more general hardware design to climb. We consider robots with a small number of articulated limbs. We do not distinguish between limbs, and call the end-point of each one a hand. To climb vertical terrain, the robot must go through a continuous sequence of configurations satisfying certain constraints (e.g., equilibrium, collision, joint-torque limits). At each configuration, some of the robot's hands are in contact with the terrain -a surface with small, arbitrarily distributed features (e.g., protrusions or holes) called holds. During a one-step motion, the robot brings one hand to a new hold while using frictional contacts at other hands and internal degrees of freedom (DOF's) to maintain equilibrium. A multi-step motion is a sequence of one-step motions.
Our motivation for this approach is the ultimate development of flexible, intervention-capable, multi-limbed robots that can navigate through many different types of terrain. Potential applications include search-and-rescue, surveillance, personal assistance, and planetary exploration. The design of these robots is still critical; however, problems of motion and manipulation in specific environments are addressed by control, planning, and sensing techniques rather than hardware modifications.
In particular, our recent work has focused on the problem of careful footplacement and trajectory generation for multi-limbed robots, which is necessary on steep, irregular terrain. Other works that have addressed the footplacement problem make assumptions not valid for climbing (e.g., massless legs, frictionless surfaces, strictly horizontal foot-placements) [5, 13, 15] . Previously, we presented a fast planner to compute one-step climbing moves for multi-limbed robots, and demonstrated this planner in simulation [7] . Here, we apply our planner to enable a real, multi-use robot (LEMUR IIb) to climb a near-vertical, artificial rock surface. Our experimental results demonstrate the feasibility of free-climbing with such a robot, and have a number of implications for future development.
Experimental setup

Robot and terrain
LEMUR IIb consists of four identical limbs attached to a circular chassis, with a total mass of 7 kg (Figs. 1 and 2 ). Each limb contains three revolute joints, providing two in-plane (yaw) and one out-of-plane (pitch) degrees Each end-effector is a single peg wrapped in high-friction rubber. LEMUR IIb can be field-operated, with on-board batteries, processing (using a PC104 architecture), and sensors (including a swiveling stereo camera pair, a 6-axis force/torque sensor at each shoulder, a 3-axis accelerometer, and joint angle encoders). When untethered, the robot's symmetry allows it to climb at an arbitrary orientation.
The terrain climbed by LEMUR IIb in our tests is an indoor, near-vertical, planar surface. This surface is covered with small, artificial rock features (holds) exactly as are indoor "climbing gyms" for human climbers. These holds are of arbitrary size and shape. The robot only uses friction to keep contact with holds -this requires careful placement of its center of mass.
Problem statement
In each experiment, LEMUR IIb is initially placed at an arbitrary, staticallystable configuration on the climbing surface. The robot is then commanded to grasp a particular, distant hold. Typically, this goal hold will be unreachable while maintaining its initial set of contact points, so the robot will have to make a multi-step climbing motion. The challenge is to complete such a motion (autonomously) without falling.
Scope and limitations
In order to focus on the one-step planning algorithm, we make several simplifying assumptions. First, the location and friction characteristics of each hold are identified manually and pre-surveyed. Also, in our current implementation we maintain LEMUR IIb's chassis parallel to and at a fixed distance from the climbing surface, and use the out-of-plane DOF in each limb only to make or break contact with features. We do not exploit momentum or dynamic movements -at this stage in our research, the robot's motion is slow enough to be assumed quasi-static. We allow the robot to contact the terrain only with its hands (i.e., no "whole-arm" manipulation). Finally, although each one-step motion is planned autonomously (see Section 3), in the experiments described in this paper the user must provide each one-step motion goal (i.e., which hold to grab or release next) along the multi-step path.
There are two other current limitations of our hardware system. First, although joint-angle encoders allow measurement of the robot's internal configuration, the vision sensors are not yet able to provide the location of the robot relative to holds (i.e., global motion is executed in open-loop). Second, for convenience, position-based control rather than hybrid force-motion control (e.g., as in [12] ) is currently used to control the robot's configuration (i.e., no attempt is made to sense or control contact forces). We are in the process of correcting these two limitations; in the meantime, the early success of our climbing experiments is a testament both to the importance and effectiveness of our planning algorithm, and to the quality of the existing position-based control system.
3 One-step motion planning
Model and notation
We call the robot's circular chassis the pelvis. In each limb, the first joint (nearest the pelvis) is called the shoulder, the second joint is called the elbow, and the third (out-of-plane) joint is called the wrist. Assuming that the pelvis moves at a fixed distance parallel to the wall, any configuration of the robot is defined by 15 parameters: the position/orientation (x p , y p , θ p ) of the pelvis and the joint angles (θ 1 , θ 2 , θ 3 ) of each limb (Fig. 2) .
Any point on the terrain is a potential contact -either on the contour of a continuous rock feature, or on the planar climbing surface. We assume that a discrete number of useful contacts have been identified; these points are called holds. For LEMUR IIb, all holds lie on an inclined plane but can have arbitrary orientation, so each is defined by a 2-D point (x i , y i ) and a 3-D direction ν i . Holds at which hands are in contact are the supporting holds. We model friction at contacts by Coulomb's law.
When climbing, LEMUR IIb always maintains either three or four supporting holds. The set of supporting holds is a stance, denoted σ -to differentiate between 3-hold and 4-hold stances, we write σ3 and σ4. The linkage between the supporting holds -containing the pelvis and either three or four limbs -is called the contact chain. When only three supporting holds are used, the fourth limb is the free limb.
Because of the closed-chain constraint, the robot's continuous motion with four supporting holds occurs on a 3-D manifold C σ4 in the robot's configuration space. With three supporting holds, motion occurs on a 6-D manifold C σ3 . This motion is subject to four additional constraints: quasi-static equilibrium, joint angle limits, joint torque limits, and collision. The feasible space at a stance σ is the subset F σ of C σ satisfying each of these constraints. The limbs have non-negligible mass, so their motion affects the robot's equilibrium. If two points in F σ are connected by a continuous path in F σ , we say they are in the same component of F σ . (Henceforth, a "continuous path" will always be taken to mean a continuous motion of the robot at some fixed stance, i.e., with fixed supporting holds.)
To climb upward, the robot must switch between 3-hold and 4-hold stances.
In the experiments described in this paper, the user specifies each onestep motion goal, i.e., for each stance σ, the user specifies a desired adjacent stance σ . The one-step planning problem is to determine whether this stance σ is reachable, and if so, to construct a continuous path to reach it.
Algorithm
As described above, the robot's motion takes place in either a 3-D or 6-D space subject to multiple constraints. Since many one-step motion queries will be made along a multi-step path, it is computationally impractical to determine exactly whether an adjacent stance σ is reachable from each start configuration q s ∈ F σ . Therefore, we use an approximate method: first, we sample transition points q t ∈ F σ ∩ F σ , then we try to construct a continuous path from q s to each q t .
Assume that σ = σ ∪ {i} for some hold i, so σ is a stance with three supporting holds. Then to sample q t , we search for points in F σ -a 3-D space -and check that these points are also in F σ . Note that if q ∈ F σ , then we can verify q ∈ F σ only by checking the equilibrium constraint at stance σ. Therefore, feasible q t can be found very quickly. Instead, it is the path-planning problem that dominates computation time.
Because of its flexibility and speed, the Probabilistic-RoadMap (PRM) approach, or one of its variants, is widely used for this type of problem [11] . We use a lazy, bi-directional PRM (as in [22] ), exploiting the efficient check of quasi-static equilibrium with arbitrary frictional contacts we described in [7] . However, these planners tend to lose efficiency when the feasible subset of the configuration space contains narrow passages or is subject to closed-chain constraints, as these features are difficult to sample. In [7] , we showed that equilibrium constraints for simple climbing robots create narrow passages that occur in a low-dimensional subspace, which can be sampled separately to speed up planning. We have used these results to generate efficient PRM sampling strategies for LEMUR IIb, allowing fast one-step planning. These heuristics primarily consist of two modifications to the algorithm presented in [7] . First, configurations of the robot with θ 2 = 0 in any limb of the contact chain (straight-limb configurations) are initially sampled explicitly, since the feasible space F σ is most likely to be disconnected on these manifolds. During subsequent exploration of F σ , we only attempt to connect those pairs of configurations with identical elbow-bends (i.e., when θ 2 in each limb of the contact chain has identical sign for both configurations).
Second, at stances with three supporting holds, we add several deterministic configurations corresponding to each sampled one. Given a sampled configuration of the contact chain, we explicitly calculate the configurations of the free limb that bring the robot closest to infeasibility with respect to the equilibrium constraint (in general, there are two). If these points are in F σ , they are added to the roadmap as well. This strategy tends to approximate the analytical decomposition technique described in [7] . (Note the interesting similarity between our heuristics and those based on "manipulability" [14] .)
Experimental Results
Summary
We applied our one-step planner to generate climbing motions for LEMUR IIb, which were subsequently executed by the real robot. Snapshots from one climb (see also a video at http://arl.stanford.edu/~tbretl), taking the robot from bottom to top of the climbing surface, are shown in Fig. 5 . In this example, the one-step planner generated, on-line, each of 88 one-step motion trajectories forming the multi-step path. Our experiments demonstrate the feasibility of autonomous free-climbing with a multi-limbed robot, given sophisticated planning and a basic level of control and sensing. Even using tele-operation, these experiments would have been difficult or even impossible without our planner -one-step motions are very challenging to construct by hand, due to the interplay between equilibrium and joint-angle constraints.
Implications for multi-step planning
Requirements. In addition to demonstrating the usefulness of autonomous one-step planning for free-climbing robots, our experiments clearly show a need for autonomous multi-step planning as well.
For example, it took one of the authors two full days to design the terrain and a sequence of feasible one-step motion goals for the 88-move path shown in Fig. 5 , despite the fact that he is a human rock-climber. The reason is that multi-step planning is a hard combinatorial problem, even given a fast one-step planner. There are over 20000 feasible stances for LEMUR IIb in the terrain shown, populating a graph search of moderate breadth and high depth. (The situation becomes even worse if holds are sampled from a continuous environment rather than specified and pre-surveyed.) One might think that because the author, an experienced human climber, is skilled at constructing multi-step paths for himself, and because there is an obvious similarity between LEMUR IIb's motion and his own (also see [7] ), he would have an advantage when planning for the robot. However, it is difficult to map climbing motions across morphologies; joint-angle constraints and the effect of body position on the center of mass are both much different.
Likewise, consider the large number of steps needed for LEMUR IIb to climb a relatively short distance: the robot has a reach of 1 m, but to climb a distance of only 2 m (as in Fig. 5 ) took 88 moves. The shortest possible path with the same multi-step goal consists of about 76 moves, still quite large. In fact, it generally takes 4-12 one-step motions for the robot even to climb to the limit of its tactile sensor range, given an initial stance. This suggests that multi-step planning, rather than reactive motion, is required.
Approach. Our experiments also have strongly influenced our current work in designing an autonomous multi-step planner. For example, the distribution of planning times for the multi-step path in Fig. 5 is shown in Fig. 6 . Most one-step moves were planned very quickly (less than 1.0 s on a 1GHz PowerPC). However, several difficult moves took more time (more than 5.0 s), even as much as 17.3 s. This reveals an important issue when searching for multi-step plans, in which many more potential one-step motions are explored than ultimately used. Since PRM planners lack a formal stopping criterion, how much time T max should be spent on each one-step motion query before it is declared infeasible? In this example, suppose T max = 2.0 s (twice the mean value) -infeasible one-step motions are rejected quickly, but several difficult moves (15% of the multi-step path) likely are not found. Alternatively, suppose T max = 20.0 s (greater than the maximum value) -now, all feasible one-step motions likely are found, but every infeasible query takes ten times longer, drastically increasing total search time. A similar problem exists for non-gaited motion of humanoid robots and for manipulation planning. We are currently investigating several possible solutions to this problem (see [6] ).
Other lessons learned
Several other lessons were learned as a result of our experiments, that seem obvious in hindsight. For example, most experimental failures occurred when the robot's hands (rigid pegs) rolled along hold contours. Resulting cumulative errors led either to missed hand placements or to torque overloads from jamming. This problem could be addressed in software, but a hardware solution involving passive, articulated hand endpoints (rather than rigid pegs) should prove more practical.
Additional issues raised include future control and sensing requirements (e.g., the need for hybrid force-motion control, the integration of tactile sensing, or the required precision and range of visual sensors), hardware modifications (e.g., whether skewed rather than symmetric joint-angle limits might increase mobility), and user interface design (e.g., how to communicate risk, particularly when one-step motions are "almost feasible").
Conclusion
This paper presented a new multi-limbed, multi-use robot, LEMUR IIb. The ability of this robot to free-climb vertical rock surfaces, using a previously presented one-step planning algorithm, was experimentally demonstrated. These experiments revealed a number of additional issues, many concerned with the need for and requirements of an autonomous multi-step planner. Many other challenges remain to be addressed (e.g., integration of local visual and tactile sensing, implementation of hybrid force-motion control, and consideration of dynamic motion).
